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We	 have	 compiled	 data	 from	 studies	 covering	 more	 than	 1,500‐km	 coastline	 in	
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&	 Scheibling,	 2014;	 Lawrence,	 1975).	 Both	 kelp	 forests	 and	 bar‐
rens	 have	 been	 described	 as	 stable	 states	 (Elner	 &	 Vadas,	 1990;	
Marzloff	 et	 al.,	 2013),	 with	 several	 reinforcing	 feedback	 mecha‐
nisms,	making	a	shift	to	the	alternative	state	difficult	(Filbee‐Dexter	
&	 Scheibling,	 2014;	 Ling	 et	 al.,	 2015).	 The	 existence	 of	 different	
critical	 thresholds	 for	 the	 shifts	 back	 and	 forth	 (i.e.,	 hysteresis,	








In	 the	 northeastern	 Atlantic,	 studies	 on	 the	 dynamics	 of	 kelp	
forests	 and	 urchin	 barrens	 have	 largely	 focused	 on	 the	 extent	 of	
the	areas	affected	by	overgrazing,	the	large	annual	loss	of	kelp	pro‐
duction	 (millions	 of	 tons),	 the	 loss	 of	 habitats	 for	 commercial	 fish	
and	other	 species,	 and	 the	 resilience	of	 the	 two	 states	 facing	dif‐
ferent	stressors	(Figure	1,	Norderhaug	&	Christie,	2009).	Currently,	
wide‐scale	kelp	 recovery	 is	occurring	along	distinct	 regions	of	 the	
Norwegian	coast	(Norderhaug	&	Christie,	2009;	Rinde	et	al.,	2014),	
offering	a	rare	opportunity	to	explore	important	scientific	and	man‐
agement	 questions	 related	 to	 the	 processes	 and	 mechanisms	 in‐
volved	in	the	return	and	persistence	of	recovered	kelp	forests.
For	 more	 than	 four	 decades,	 the	 green	 sea	 urchin	
Strongylocentrotus droebachiensis	has	persisted	in	high	densities	be‐
tween	63°N	and	71°N	along	the	mid‐	and	northern	Norwegian	coast	
and	 into	Russian	waters	 in	the	northeast.	 In	the	1970s–1980s,	sea	
urchin	 grazing	 reduced	 kelp	 abundance	 and	biomass	 all	 along	 this	
coastline	 (Gudimov,	 Gudimova,	 &	 Pavlova,	 2003;	 Norderhaug	 &	
Christie,	2009;	Propp,	1977;	Sivertsen,	1997,	2006),	and	hundreds	
of	square	kilometers	of	highly	productive	kelp	forests	(Laminaria hy-
perborea	 in	 exposed	waters	 and	Saccharina latissima	 in	more	 shel‐
tered	areas)	were	replaced	by	sea	urchin‐dominated	barren	grounds,	
resulting	 in	 a	massive	 loss	 of	 habitat,	 diversity,	 and	 production	 at	
different	 trophic	 levels	 (Christie,	Norderhaug,	&	Fredriksen,	2009;	
Leclerc,	 Riera,	 Leroux,	 Levenque,	 &	 Davoult,	 2013;	 Norderhaug,	
Christie,	Fossa,	&	Fredriksen,	2005;	Pedersen,	Nejrup,	Fredriksen,	
Christie,	 &	 Norderhaug,	 2012).	 The	 barrens	 were	 maintained	 for	






















be	 triggered	by	both	a	gradual	 increase	 in	 temperature	above	 the	
critical	threshold	or	by	stochastic	events	exceeding	the	threshold.	In	
contrast,	the	edible	crab	Cancer pagurus	and	the	less	studied	Carcinus 
maenas,	 both	 important	 sea	urchin	predators	 (Fagerli	 et	 al.,	 2014),	
are	 expanding	 northward	 (indicated	 by	 catch	 rate	 data	 by	 Woll,	


























and	kelp	 forests).	 In	 the	northwest	Atlantic,	 Steneck	et	 al.	 (2004),	
and	Steneck	et	al.	(2013)	showed	that	Cancer	spp.	crabs	became	the	
new	top	predator	of	sea	urchins	after	Atlantic	cod	populations	were	
overfished	 and	 decimated.	 In	 the	 Pacific,	 Livingston	 (1989)	 found	




duced	 abundance	 of	 predators	 at	 higher	 trophic	 levels	 is	 termed	




ment	 is	unclear	 for	Norwegian	waters	 (Sivertsen,	2006).	However,	







esized	to	be	 triggered	by	 the	extensive	 increase	 in	 the	abundance	
and	 distribution	 of	 the	 red	 king	 crab	 (Paralithodes camtschaticus; 










The	overall	aim	of	 this	study	was	 to	explore	possible	 links	and	
interactions	involved	in	the	observed	changes	of	the	distribution	of	
kelp	forests	and	sea	urchin	barrens	along	the	northeastern	Atlantic	
coast	 of	 Norway	 and	 to	 relate	 these	 changes	 to	 possible	 drivers	
(ocean	warming,	changes	 in	predator	abundance).	We	constructed	
a	conceptual	model	of	the	key	species	(kelp,	sea	urchins,	crabs,	and	
cod)	 and	 their	 possible	 interactions	 through	 postulated	 key	 pro‐
cesses	(e.g.,	recruitment,	predation,	and	fishing)	and	suggestions	on	
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2.2 | Kelp forest and sea urchin distribution patterns
A	 key	 pattern	 in	 the	 conceptual	model	 of	 the	 large‐scale	 kelp	 re‐
covery	along	 the	Norwegian	coast	 (Figure	2)	 is	 that	kelp	 recovery	
is	occurring	along	the	mid‐	and	northern	coasts	of	Norway.	We	hy‐
pothesize	that	this	is	due	to	reduced	grazing	by	lowered	densities	of	
sea	urchins,	 allowing	kelp	 to	 recolonize	 the	barrens	 (Figure	2;	Sea	
urchin	↔kelp).	To	explore	the	distribution	patterns	of	kelp	forest	and	
sea	urchins,	we	used	a	spatially	comprehensive	dataset	of	kelp	(L. hy-























Arctic	 Circle,	 and	 Salten,	 represent	 “the	 southern	 recovery	 zone,”	
identified	by	Rinde	et	al.	(2014).	The	“northern	recovery	zone”	was	
defined	by	 the	bounds	of	Kirkenes	area,	which	was	 the	only	 loca‐
tion	 with	 kelp	 recovery	 this	 far	 north	 in	 the	 present	 study.	 The	
seven	sampling	areas	in	between	the	two	recovery	zones	(Lofoten,	
Troms	 south,	Troms	mid,	Hammerfest,	Porsanger,	Kongsfjord,	 and	
Varanger)	 represent	 “the	barren	zone.”	To	explore	 the	 relationship	
between	kelp	and	sea	urchins,	we	calculated	Pearson's	correlation	








Kelp	 and	 sea	 urchin	 abundance	 data	were	 recorded	 from	 small	







To	 create	 a	 single	 variable	 that	 captured	 the	 relative	 position	
of	 each	 station	 along	 the	 coastline	 (i.e.,	 instead	 of	 using	 the	 two	
highly	correlated	variables	latitude	and	longitude),	we	calculated	the	
position	at	 the	coast	as	 the	 linear	distance	 from	each	 station	 to	a	
reference	point	around	Troms	mid	 (68.7°N,	20.4°E),	with	negative	














2.3 | The spatial pattern of kelp recovery




2007	 (reported	 by	Norderhaug	&	Christie,	 2009),	 but	 persistence	









the	whole	 study	 area,	 and	 for	 the	 southern,	 barren,	 and	northern	
zone,	respectively,	was	as	follows:	−0.82,	−0.79,	−0.85,	and	−0.72,	
indicating	a	negative	correlation	between	the	two	in	all	areas.
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The	GAM	showed	 that	 the	probability	of	 finding	kelp	 strongly	
related	 to	 the	 position	 along	 the	 coast	 (F	=	5.66,	p	=	0.0002).	 The	









2.4 | Sea urchins use of predator refuge habitats 





ble	 bottoms.	 However,	 Scheibling	 and	 Hamm	 (1991)	 found	 in	 a	
caging	experiment	that	cobblestone	habitats	create	spatial	 refu‐
gia	 for	 urchins	 that	 decrease	predation	by	 crabs.	Based	on	 this,	
we	 explored	 the	 sea	 urchins’	 use	 of	 bedrock	 and	 cobblestone,	











within	 the	 kelp	 recovery	 zones	 in	 the	 south	 (i.e.,	 Vega	 in	 2012	











sampling	 areas	 and	 between	 substrate	 types	were	 tried	 tested	 in	
a	binomial	generalized	 linear	model	 (GLM),	but	since	there	was	no	
variation	 in	 the	 response	 in	cobble	 substrate	 (sea	urchin	presence	
and	kelp	absence	in	all	stations),	the	results	are	shown	without	any	
statistics.
2.5 | Patterns of sea urchin recruitment success






proxies	 for	 recruitment	 success	 and	 survival	 at	 55	 stations	within	
the	kelp	recovery	and	barren	zones	(see	station	list	in	Appendix	B).	




one	 of	 four	 different	 habitat	 types:	 bedrock	 (n	=	24),	 cobblestone	
(n	=	15),	maerl	 (n	=	10),	 and	kelp	holdfasts	 (n	=	6;	 see	Appendix	B),	
where	 sea	urchins	 are	 known	 to	 recruit	 (NIVA,	 unpublished	data).	
By	SCUBA	diving,	sea	urchin	density	was	estimated	at	each	station	
by	 counting	 the	 number	 of	 individuals	within	 10	 replicate	 frames	
of	 50	×	50	 cm	 (for	 bedrock	 or	 cobblestone	 bottoms),	 4	 replicate	
20	×	20	frames	(for	maerl),	or	within	four	haphazardly	collected	kelp	
holdfasts	 (in	 areas	with	 kelp	 forests).	 Sea	 urchins	 on	bedrock	 and	
cobblestone	were	counted	in	situ. Sea	urchins	in	maerl	and	holdfasts	



















and	zones	 (southern	and	northern	 recovery	 zone	and	barren	zone)	
and	their	 interaction	were	 included	 in	 the	model.	Holdfast	was	ex‐
cluded	in	this	analysis,	since	density	was	not	measured	for	this	sub‐
strate	 type.	 Two	 candidate	models	were	 tested:	 one	with	 additive	
effects,	and	one	including	an	interaction	between	substrate	and	zone.




On	 average,	 small	 sea	 urchins	 were	 found	 within	 kelp	 holdfasts	










blestones	 or	 bedrock,	 particularly	 at	 barren	 grounds	 in	 Troms	 and	
Finnmark	 (χ2	=	7,304,	p	<	0.0001	 for	 interaction	between	substrate	
and	area,	Figure	7)	where	the	density	of	small	 (juvenile)	sea	urchins	
often	 exceeded	 several	 hundred	 per	 square	 meter	 (Appendix	 B).	








2.7 | Temporal and spatial patterns of changes in 
predator abundances
A	hypothesized	driver	of	sea	urchin	declines	is	the	changing	abun‐
dances	 of	 sea	 urchin	 predators	 (Figure	 2;	 Crab	→	sea	 urchin;	
Cod	→	crab).	 Although	 a	 predator–prey	 interaction	 between	 crab	
and	sea	urchins	(and	between	cod	and	crab)	has	been	documented	
within	the	study	area	(Enoksen	&	Reiss,	2017;	Fagerli	et	al.,	2014),	
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it	remains	unclear	whether	crab	predators	exert	top‐down	control	
on	sea	urchin	populations.	We	explored	spatial	and	temporal	pat‐
terns	of	changes	 in	abundance	of	 the	edible	crab	 (C. pagurus)	and	
red	 king	 crab	 (P. camtschaticus)	 based	 on	 landings	 from	 the	 pe‐
riod	1990–2011	 (made	available	by	the	Norwegian	Directorate	of	
Fisheries),	for	the	fishery	zones	in	our	study	area.	Data	on	landings	
are	 influenced	by	 fishery	effort	and	quotas	and	do	not	 represent	
exact	quantitative	stock	sizes	or	catch	per	unit	effort.	Nevertheless,	
these	data	are	the	best	available	indication	of	the	size	of	the	crab	
populations	within	 the	 study	 area,	 as	 earlier	 reported	 by	Woll	 et	













dances	 have	 increased	 since	 the	 early	 1990s	 (Figure	 8).	 Landings	
were	 highest	 in	 the	 southern	 fishing	 zone	 (red	 zone	 in	 Figure	 8),	
which	corresponds	to	the	Arctic	Circle	and	Vega	areas	in	the	south‐
ern	kelp	recovery	zone.	Landing	data	also	suggest	that	edible	crabs	











0.74–1.0)	 in	 the	 barren	 zone	 region	with	 low	 crab	 landings,	 and	 a	
low	 fraction	 (95%	 confidence	 intervals	 0–0.32	 and	0–0.35)	 in	 the	
recovery	zone	south	and	north,	respectively,	with	high	crab	landings.
The	catch	of	 red	king	crabs	 (P. camtschaticus)	has	 increased	 in	
Norwegian	waters	through	the	same	period,	and	as	much	as	5,000	
tons	per	year	has	been	landed	in	the	fishery	zone	closest	to	Russia	




The	Norwegian	 coastal	 cod	 (G. morhua)	 stock	 north	 of	 62°N	
has	decreased	by	2/3	from	1993	to	2008	(Figure	9,	data	from	Berg,	
2012),	 a	 decline	 that	 coincides	with	 the	 increase	 in	 both	 edible	
crab	 (p	<	0.0001,	R2	=	0.75)	and	king	crab	 (p	=	0.0015,	R2	=	0.55)	
landings.	 The	 correlations	 between	 cod	 and	 edible	 and	 red	 king	
crab	were	calculated	after	 log‐transforming	crab	data	to	achieve	
normally	distributed	residuals.
2.8 | Temporal and spatial trends of changes in sea 
temperature
Temperature	 has	 been	 implicated	 in	 both	 recruitment	 fail‐
ure	 of	 sea	 urchins	 and	 the	 expansion	 of	 cancer	 crabs	
F I G U R E  4  Predicted	curves	from	the	GAM	models	showing	the	opposite	probability	of	occurrence	of	kelp	(left)	and	sea	urchins	along	the	
coast	at	cobble	and	bedrock	bottoms.	Sea	urchin	and	kelp	presence	was	mutually	exclusive	on	all	sampled	stations.	See	Appendix	A	for	how	
the	distance	along	the	coast	relates	to	latitude	and	sampling	areas
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(Figure	 2;	 Temperature	→	crab,	 Temperature	→	sea	 urchin).	 To	






teorological	 stations:	Bud	 (63°N),	Skrova	 (68°N),	 and	 Ingøy	 (71°N)	



























2011;	 Ling,	 Johnson,	 Ridgway	 et	 al.,	 2009;	 Steneck	 et	 al.,	 2004;	
Watson	&	Estes,	2011).	Contrary	to	this	global	trend,	kelp	recovery 







kelp	recovery	 in	 the	northernmost,	coldest	part	of	 the	overgrazed	
area,	 where	 the	 shift	 is	 not	 facilitated	 by	 temperature.	 Based	 on	
coinciding	patterns	of	 the	 spatial	 and	 temporal	 distribution	of	 the	
key	species	(kelp,	sea	urchins,	crabs,	cod)	and	suggested	processes	











between	kelp	and	 sea	urchins	 (>−0.72)	 indicate	a	 causal,	 negative	
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relationship	between	 the	 two	 response	variables	 (see	also	Filbee‐
Dexter	&	 Scheibling,	 2014,	 Ling	 et	 al.,	 2015).	Hence,	we	 hypoth‐







venile	 density	 patterns	 indicates	 that	 sea	 urchin	 recruitment	 rate	

















The	 high	 crab	 abundance	 within	 the	 kelp	 recovery	 areas,	 as	




occurred	within	 the	 study	area.	Kelp	 recovery	 in	 the	 south	and	 in	











crab	populations	have	previously	 been	 shown	 for	 the	 edible	 crab,	
C. pagurus	(Brattegard,	2011;	Woll	et	al.,	2006)	and	the	red	king	crab,	
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1989).	 The	 coastal	 cod	was	previously	 a	 dominant	 top	predator	 in	
coastal	areas	of	Norway,	but	the	population	north	of	62oN	has	been	
reduced	by	about	two‐thirds	since	the	mid‐1990s	(Berg,	2012;	ICES,	
2004).	Similar	 top‐down	mechanisms,	 in	which	overfishing	and	 re‐
duced	abundance	of	exploited	fish	stocks	contribute	to	ecosystem	
changes	 in	coastal	 regions,	were	demonstrated	 in	the	NW	Atlantic	
(Steneck	et	al.,	2013),	which	has	the	same	species	or	genus	of	kelp,	
sea	urchin,	crabs,	and	cod	as	the	NE	Atlantic	 (Jackson	et	al.,	2001;	
Steneck	 et	 al.,	 2013).	 Effects	 of	 change	 in	 the	 top	predator	 popu‐
lation	size	have	been	clearly	linked	in	time	and	space	by	Livingston	
(1989)	where	the	increasing	Pacific	cod	(G. macrocephalus)	stock	led	






















et	 al.,	 2005),	 which	 may	 lead	 to	 increased	 predation	 on	 crabs	 (as	
demonstrated	by	the	cod	and	crab	relationship	by	Livingston,	1989),	
and	thereby	reduced	predation	pressure	on	sea	urchins.	This	may	en‐

























F I G U R E  1 0  Detrended	seasonal	averages	(a)	and	yearly	maximum	(b)	sea	surface	temperatures	(SST,	measured	at	1	m	depth)	from	
climatic	stations	at	Bud	(63°N),	Skrova	(68°N),	and	Ingøy	(71°N;	see	map	in	Figure	3)
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(interaction	 10	 and	 12	 in	 Table	 1)	 and	 the	 relationship	 between	
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Area Year Latitude Dist. along coast No. of stations
% of stations with 
kelp
% of stations 
with sea urchins
Vega 2012 65.7 −674 55 51 58
Arctic	Circle 2011 66.5 −574 90 86 16
Salten 2011 67.4 −447 89 90 6
Lofoten 2011 68.3 −333 63 33 46
Troms	south 2011 69.0 −241 71 42 41
Troms	mid 2011 69.8 −131 24 0 92
Hammerfest 2008 70.8 115 123 39 64
Hammerfest 2009 70.7 115 83 18 88
Porsanger 2010 70.4 188 10 0 100
Porsanger 2011 70.4 188 5 0 100
Kongsfjord 2012 70.7 328 91 29 69
Varanger 2012 70.1 334 169 5 86
Kirkenes 2011 69.9 372 336 71 32




Area Substrate type Density (n/m2) Mean size (mm) Size range (mm)
Southern recovery zone
Vega
Torghatten Bedrock 9 33 7–50
Torghatten Maerl	beds 241 6 2–12
Rørøy Maerl	beds 0 na na
Søla Bedrock 44 18 4–35
Sandøy	N Cobble	stones 79 24 8–44
Sandøy	N Bedrock 21 33 11–44
Andholmen Bedrock 20 23 13–46
Andøy Bedrock 24 25 9–46
Skogsholmen Bedrock 42 28 11–54
Skogsholmen Bedrock 25 25 14–49
Skogsholmen Cobble	stones 81 26 10–47
Skogsholmen Maerl	beds 142 11 3–19
Tuvøy Bedrock 15 22 10–44
Tuvøy Cobble	stones 2 19 9–37
Igerøy Kelp	holdfast 0 na na
Arctic	Circle
Hestmann Bedrock 26 16 4–31
(Continues)
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Area Substrate type Density (n/m2) Mean size (mm) Size range (mm)
Barren zone
Lofoten
Lyngvær Bedrock 19 40 2–63
Lødingen Bedrock 14 38 9–61
Tysfjord Bedrock 36 35 21–48
Troms
Meløyvær Bedrock 8 44 9–60
Løksefjord Bedrock 35 27 10–46
Musvær Bedrock 64 29 9–46
Kvalsund Cobble	stones 23 26 13–48
Buvika Bedrock 21 23 5–49
Buvika Maerl	beds 575 16 2–63
Leirpollen Maerl	beds 150 12 2–19
Leirpollen Bedrock 82 20 9–31
Leirpollen Bedrock 23 18 7–34
Hyseskjær Maerl	beds 716 6 1–14
Humpen Maerl	beds 725 5 1–15
Humpen Bedrock 17 24 7–44
Lemmingsver Kelp	holdfast na 8 3–14
Flua Kelp	holdfast na 8 3–17
Senja,	inner Kelp	holdfast na 7 3–13
Senja,	outer Kelp	holdfast na 10 5–17
Porsanger
Hamnholmen Bedrock 56 45 17–63
Hamnholmen Cobble	stones 23 30 9–51
Veineset Cobble	stones 37 29 4–68
Hamnholmen Cobble	stones 45 30 3–69
Hamnholmen Bedrock 154 45 25–58
Kongsfjord
WP	298 Maerl	beds 1,225 6 3–16
WP	325 maerl	beds 175 9 2–32
WP	353	(Kua) Cobble	stones 21 21 2–64
WP	357 Bedrock 79 31 3–54
WP	357 Cobble	stones 101 15 3–58
WP	356 Bedrock 58 34 16–49
WP	356 Cobble	stones 45 21 7–50
WP	358 Maerl	beds 629 5 2–28
Northern recovery zone
Kirkenes
WP	54 Cobble	stones 20 32 8–62
Kjelmøy Cobble	stones 103 14 4–37
Kjelmøy Cobble	stones 18 28 4–60
Kjelmøy Cobble	stones 71 na na
Kjelmøy Bedrock 0 na na
WP	89 Cobble	stones na 10 6–26
WP	89 Kelp	holdfast na 7 3–13
A P P E N D I X  B  (Continued)
